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OBJECTIVES: The purpose of this study was to determine the paired consequences of food restriction and 
paradoxical sleep deprivation on lipid profile and spontaneous glucose levels in male rats. 

METHOD: Food restriction began at weaning, with 6 g of food being provided per day, which was subsequently 
increased by 1 g per week until reaching 15 g per day by the eighth week. At adulthood, both rats subjected to 
food restriction and those fed ad libitum were exposed to paradoxical sleep deprivation for 96 h or were 
maintained in their home-cage groups. 

RESULTS: Animals subjected to food restriction exhibited a significant increase in high-density lipoprotein levels 
compared to animals that were given free access to food. After the paradoxical sleep deprivation period, the food- 
restricted animals demonstrated reduced concentrations of high-density lipoprotein relative to their respective 
controls, although the values for the food-restricted animals after sleep deprivation were still higher than those for 
the ad libitum group. The concentration of low-density lipoproteins was significantly increased in sleep-deprived 
animals fed the ad libitum diet. The levels of triglycerides, very low-density lipoproteins, and glucose in food- 
restricted animals were each decreased compared to both ad libitum groups. 

CONCLUSION: These results may help to illustrate the mechanisms underlying the relationship between sleep 
curtailment and metabolism and may suggest that, regardless of sleep deprivation, dietary restriction can minimize 
alterations in parameters related to cardiovascular risk. 
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INTRODUCTION 

Although many studies have demonstrated the impor- 
tance of sleep duration for overall health, sleep loss is an 
inevitable consequence of societal pressure. In addition to 
sleep curtailment, other sleep disorders, such as obstructive 
sleep apnea (OSA) and insomnia, have become markedly 
prevalent (1). For instance, sleep apnea has important 
clinical consequences, including hypertension (2) and 
increased risks for cardiovascular and endocrine diseases. 
Patients with OSA experience recurrent sleep disruptions 
and a significant decrease in rapid eye movement (REM) 
sleep (3). Moreover, it is well-known that in patients with 
OSA, most apnea events occur during REM sleep. 
Therefore, cerebrovascular function may be most affected 
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during REM sleep, due to the high demand for energy by 
the brain during that sleep stage (4). 

In rats, sleep deprivation induced by the platform 
technique causes numerous awakenings, which predomi- 
nantly affect the REM stage of sleep. Therefore, we reasoned 
that this procedure could mimic sleep fragmentation due to 
repeated awakenings and could therefore be a useful tool 
for investigating the effects of sleep loss on blood 
parameters. In a previous study, our group assessed the 
effects of sleep loss on blood parameters associated with 
cardiovascular risk in male rats. These data indicated that 
sleep-deprived rats have significantly increased high-den- 
sity lipoprotein (HDL) and low-density lipoprotein (LDL) 
levels compared to controls. Sleep deprivation has also been 
shown to decrease triglyceride and very-low-density lipo- 
protein (VLDL) levels significantly (5). 

However, one study demonstrated that a reduction in caloric 
intake is related to Mfespan extension because several physio- 
logical fimctions were improved under conditions of food 
restriction (PR) (6). In rodents, the effects of PR are extensive and 
include a significant reduction in risk factors associated with the 
development cardiovascular and neurodegenerative diseases 
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(7-10). Broderick et al. (11,12) reported enhanced contractile 
properties of the heart, improved blood-flow regulation and 
resistance to cerebral ischemia in rats maintained on an 8-month 
FR diet (45% reduction) compared to ad libitum-ted animals. 
Similarly, 30-40% of FR rodents had significantiy fewer 
myocardial infarcts over a 10-month period (13). More recently, 
Venkatachalam et al. (14) reported decreases in inflammation 
and oxidative damage to heart cells following occlusion of the 
left anterior descending coronary artery in FR rats compared to 
similarly treated ad libitum-ied rats. 

Although several studies have examined the behavioral 
alterations in FR rats, no study has addressed the specific 
effects of FR associated with lack of sleep on lipid profile 
and spontaneous glucose levels. Thus, the aim of this study 
was to investigate the consequences of both FR and sleep 
deprivation on the blood parameters associated with 
cardiovascular disease risk in male rats. 

MATERIALS AND METHODS 

Subjects 

Thirty-eight male Wistar rats were bred and raised in the 
animal facility of the Center for Development of Experimental 
Models for Medicine and Biology (CEDEME) at Universidade 
Federal de Sao Paulo. The animals were housed in a colony 
that was maintained at 22°C on a 12:12-h light-dark cycle 
(lights on at 07:00 h), and animals were allowed free access to 
water inside of standard polypropylene cages. The experi- 
mental protocol was approved by the Ethical Committee of 
UNIFESP (CEP N. 05/434) and was conducted imder the 
recorrmiendations of the European Convention for the 
Protection of Vertebrate Animals used for Experimental and 
other Scientific Purposes, as well as those of the Brazilian 
Society of Science in Laboratory Animals. 

Food restriction (FR) 

From the time of weaning (at 30 days) onward, rats were fed 
6 g of chow daily. This amount of food was increased by 1 g 
per week until it reached 15 g by the eighth week. The animals 
were kept in separate cages during feeding and remained 
separated until all food was completely ingested. The protocol 
that was used for the calculation of chow consumption was in 
compliance with our previous studies (15-17). The animals 
were distributed into the following two groups: 

a) those fed an ad libitum diet (AD, n = 19) and allowed to 
eat and drink ad libitum from the time of weaning 
throughout the experiment, or 

b) those placed under food restriction (FR, n = 19) and fed 
according to the dietary restriction protocol described 
above. For this group, water was offered ad libitum, and 
the FR rats were fed at approximately 19:00 h. 
Previously, we demonstrated that there were no 
statistically significant effects of feeding time on the 
sleep-wake patterns of diurnal periods (15). 

Protocol designs 

After eight weeks of FR or AD, the animals were 
randomly distributed into the following groups: 

a) AD-CTRL (n = 9): AD rats maintained in the home cage. 

b) AD-PSD (n= 10): AD rats subjected to 96 h of PSD. 

c) FR-CTRL (n = 9): FR rats maintained in the home cage. 

d) FR-PSD (n = 10): FR rats subjected to 96 h of PSD. 
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Paradoxical Sleep Deprivation (PSD) 

The rats were distributed into the following two additional 
groups: the control (CTRL) or the PSD group. The animals in 
the PSD group were subjected to 96 h of PSD using the 
modified multiple platform method. We used a duration of 
96 h based on the results of previous studies (18,19). Six rats 
were placed inside of one tiled water tank (143 x41 x30 cm), 
which contained 12 circular platforms that were 6.5 cm in 
diameter, and the water was filled up to 1 cm from the upper 
surface of the platform. The rats could therefore move around 
inside of the tank by jumping from one platform to another. 
When they reached the paradoxical phase of sleep, muscle 
atonia set in, and the animals fell into the water and woke up. 
Throughout the study, the experimental room was main- 
tained at a controlled temperature (22 + 1 °C) and light-dark 
cycle (lights came on at 07:00 h and were turned off at 
19:00 h). Food was provided freely to the AD group in the 
form of chow pellets, and water bottles were made accessible 
on a grid located on top of the tank. The water in the tank was 
changed daily throughout the PSD period. The FR rats were 
fed at approximately 19:00 h in individual cages and were 
returned to the water tank after they had eaten all of the food 
pellets. Lastly, cage-control groups (AD and FR) were 
maintained in separate cages in the same room as the 
experimental rats during the sleep-deprivation procedure. By 
housing both groups in the same room, we maintained 
control over differences in housing conditions between the 
two groups. 

Blood sampling 

Following the behavioral tests, the PSD and CTRL rats 
were brought to an adjacent room and decapitated. 
Although decapitation is aesthetically questionable, it is an 
extremely fast and efficient method that does not cause 
additional pain or distress to the animals. Moreover, 
decapitation induces an immediate disappearance of the 
corneal reflex and promotes minimal physiological altera- 
tions in the tissue. For the purpose of this study, this method 
was used to provide the amount of blood required for the 
assays. Blood samples were immediately collected and 
stored individually. Blood was collected in glass tubes and 
centrifuged at 3018.4g for 15 min at room temperature. 
Cholesterol and triglyceride concentrations were measured 
using an automated colorimetric method (ADVIA 16/50, 
BAYER Diagnostics Corporation, NY, USA). Duplicate 
serum aliquots were also assessed. These assays were 
performed using the standard automated procedures of 
our clinical laboratory. 

Statistical analyses 

The data were analyzed using a one-way ANOVA test 
followed by a Tukey test for comparisons between groups. 
Values are expressed as the means + SEM. The level of 
significance was set at p<0.05. 

RESULTS 

Total Cholesterol 

An analysis of the total cholesterol concentrations 
revealed significant differences between the groups 
(F(3.33) = 8.38, p<0.0002), as shown in Figure lA. Following 
PSD, the FR rats demonstrated significantly lower choles- 
terol levels did than the respective CTRL group (p<0.01). 
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Triglycerides 

Triglyceride levels were substantially reduced in the AD- 
PSD and all FR groups compared to the AD-CTRL group 
(Figure IB). Indeed, sleep deprivation significantly reduced 
triglyceride levels in both FR and AD animals compared to 
the respective non-sleep-deprived controls (p<0.0001). 

Cholesterol fractions 

As shown in Figure 2A, high-density Upoprotein (HDL) 
levels were higher among animals in the sleep-deprived groups 
and the FR-CTRL group relative to those in the AD-CTRL 
group (F(3 = 55.19, p<0.0001). In contrast, the very-low- 
density lipoprotein (VLDL) levels followed an opposite pattern 
(Figure 2B), as the FR-CTRL group had lower levels than the 
AD-CTRL group. The sleep-deprived animals exhibited even 
greater decreases compared to the CTRL groups (p<0.05). With 
regard to the low-density lipoprotein (LDL) levels, only animals 
in the AD-PSD group exhibited an increase in comparison to the 
other groups evaluated (Figure 2C, p<0.0001). 

Glucose 

As shown in Figure 3, all groups demonstrated decreased 
glucose levels in comparison to the AD-CTRL group 
independently of sleep deprivation (p<0.001). Moreover, 
the FR-PSD animals had reduced glucose levels in compar- 
ison to those in the FR-CTRL group (p<0.001). 



DISCUSSION 

These results demonstrate that long-term FR can alter 
biochemical blood parameters related to cardiovascular 
risks independently of PSD. The glucose, triglyceride, and 
VLDL cholesterol concentrations were similarly reduced by 
FR, and the reductions in these parameters were maintained 
when PSD was combined with FR. In addition, LDL 
cholesterol levels were higher only among animals in the 
AD-PSD group. However, FR was found to increase HDL 
cholesterol levels. Moreover, these changes were reversed 
by combining FR with PSD, indicating that selective sleep 
loss can override the beneficial effects of low caloric intake. 
However, animals in the FR-PSD group maintained higher 
levels of the tested parameters than did those in the AD-PSD 
group. 

The beneficial effects of low caloric intake, which include 
improvements in cardiovascular function, have been widely 
reported in the literature (7,8,14). However, to the best of 
our knowledge, this study is the first to focus on whether 
the positive effects of FR can be maintained when combined 
with sleep loss. This study showed that for some para- 
meters, such as HDL, triglyceride and glucose levels, FR 
may reduce the potential damage caused PSD. Of note, 
HDLs were present at higher concentrations in the FR 
groups compared to the ad libitum groups, even when FR 
was combined with PSD. 
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Figure 1 - Effects of food restriction (FR) or ad libitum diet (AD), either paired or unpaired with paradoxical sleep deprivation (PSD), on 
the total cholesterol (panel A) and triglyceride levels (panel B) in male rats. *Significantly different from the AD-CTRL group, ¥ 
Significantly different from the AD-PSD group and # Significantly different from the respective control group. 
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Figure 2 - Concentrations of HDL (panel A), VLDL (panel B) and LDL cholesterol (panel C) in male ad libitum (AD)-fed or food-restricted 
(FR) rats subjected to normal sleep (CTRL) or paradoxical sleep deprivation (PSD). Data are expressed as the means + SEM. 
*Significantly different from the AD-CTRL group, ¥ Significantly different from the AD-PSD group, J Significantly different from the FR- 
CTRL group and # Significantly different from the respective control group. 



It has been documented that HDL concentrations are 
inversely associated with cardiovascular disease risks (20). 
Pharmacological interventions that ir\crease HDL concentra- 
tions typically also improve other lipid parameters. For 
example, the contribution of increased HDL levels is not 
easily distinguishable from the contributions of decreased 
LDL and/ or triglycerides levels (21). The low glucose, VLDL 
and triglyceride levels observed in the FR groups may be 



protective against an adverse challenge, such as PSD, as a 
consequence of FR. One example of the beneficial effects of a 
low caloric intake is the reduction of oxidative stress (22). 
Moreover, FR leads to alterations in energy balance, such as 
reduced energy expenditure, as a result of decreased oxygen 
consumption (23,24) or mitochondrial adaptation (25). 

Studies have demonstrated sleep loss affects several blood 
parameters in rats, and previous studies from our group 
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Figure 3 - Effects of food restriction (FR) or ad libitum diet (AD) on glucose concentrations in home-cage control (CTRL) and paradoxical 
sleep-deprived (PSD) rats. * Significantly different from the AD-CTRL group, ¥ Significantly different from the AD-PSD group and # 
Significantly different from the respective control group. 



(5,26-28) have isolated the influence of PSD on cardiovascular 
parameters. In general, these findings indicated increases in 
total cholesterol and the HDL fraction of cholesterol in male 
and female rats after sleep loss. In these studies, rats 
maintained on a normal diet had increased levels of 
triglycerides, VLDL cholesterol and glucose compared to 
the other groups. However, during periods of PSD, the levels 
of HDL and LDL cholesterol increased, whereas those of 
triglycerides and VLDL cholesterol decreased. It is possible 
that these results may have been due to reduced food 
consumption during the sleep deprivation procedure, which 
was accompanied by weight loss. It has also been reported 
that sleep deprivation can cause hyperphagia and weight loss 
(29,30). Therefore, one might hypothesize that the differences 
observed in the triglyceride and cholesterol levels after PSD 
were the result of greater food intake. However, during PSD, 
the impaired capacity to increase food intake in response to 
increased energy expenditure contributes to an energy deficit 
in rats (30). Data from animals with normal food intake levels 
indicate that total cholesterol levels remain unchanged after 
sleep deprivation, whereas the levels of HDL and LDL 
increase. The heterogeneity of these responses argues against 
a simple effect of increased food consumption on these 
measures. 

Recently, there has been growing concern regarding the 
potential effects of dietary restriction on several health 
parameters. Most of this attention has been the result of 
societal interest in longevity, health and welfare. In parti- 
cular, dietary restriction has been reported as being the only 
intervention that can promote increased longevity, reduce the 
incidence of disease and slow processes related to aging (31). 

It is important to note that the sleep fragmentation 
induced by PSD evaluated in the current study did not 
negatively alter all of the parameters related to cardiovas- 
cular risk. In addition, the FR data provide additional 
evidence regarding the mechanisms underlying an increase 
in life expectancy. Finally, our data suggest that indepen- 
dently of sleep deprivation, dietary restriction can minimize 
changes in the parameters related to cardiovascular risk. 
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